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Retention factorspectrum steroidal antibiotic, is useful for treatment of most skin, conjunctival,
and corneal infections and also in infections caused by atypical microbes in the surface of the eye. Liposome
electrokinetic capillary chromatography (LEKC) was used to study the interactions between FA and lipid
membranes. Liposomes prepared by extrusion were composed of 1-palmitoyl-2-oleyl-sn-glycero-3-
phosphocholine (POPC) and 1-palmitoyl-2-oleyl-sn-glysero-3-phosphor-L-serine (POPS), cholesterol, FA,
and sphingomyelin (SM) in various molar ratios. 26 different liposome dispersions were studied as dispersed
(pseudostationary) phase in LEKC. The hydrophobicities of the liposomes were evaluated by calculating the
retention factors of model neutral steroids. The retention factors were calculated using the EOF and the
effective electrophoretic mobilities of the analytes and the liposomes. The latter were separately determined
by capillary electrophoresis with a polyacrylamide (PAA)-coated capillary. FA–lipid membrane interactions
were studied by determining the retention factor of FA. In addition, liposomes prepared from lipids extracted
from Escherichia coli bacterium were studied and used as dispersed phase in LEKC for interaction studies
between FA and lipid membranes.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Fusidic acid (FA) is a narrow spectrum, steroidal antibiotic derived
from Fusidium coccineum [1]. It is mainly used for gram-positive Staphy-
lococcus aureus infections, but it is also effective against anaerobes, Cor-
ynebacteria and Nocardia species and gram-negative Neisseria species.
Accordingly, it is useful for treatment of most skin, conjunctival, and
corneal infections andalso in infections causedbyatypicalmicrobes in the
surface of the eye. FA binds to bacterial elongation factor-G (EF-G)–GDP
complex at amolar ratio of 1:1 and prevents dissociation of this complex
from the ribosome terminating polypeptide elongation.
In order to bind EF-G, FA needs ﬁrst to interact with the lipid
membrane of the bacteria. Previously we showed that because FA isapillary electrophoresis; CEC,
-G; E. coli, Escherichia coli; EKC,
id; HEPES, N-(2-hydroxyethyl)
lectrokinetic capillary chroma-
de; POPC, 1-palmitoyl-2-oleyl-
l-sn-glysero-3-phospho-L-serine;
d at Tel.: +358 9 19150264; fax:
painen),
ll rights reserved.hydrophobic it is embedded in phosphatidyl choline (PC) membranes
and probably remains in this membrane [2]. Further studies
elucidated that also EF-G is attached to model lipid membranes
composed of PC and cholesterol and thus interaction of FA with its
target EF-G becomes much more likely [3]. That study suggested that
the probability of FA–EF-G interaction becomes up to 1000-times
more likely when this interaction takes place in a 2-dimensional
platform (lipid membrane) as opposed to an unspeciﬁc interaction in
the bacterial cytosol (3-dimensional space). We suggest that this is
caused by simple compartmentalizationwhere the surface concentra-
tion of EF-G is markedly increased.
In our earlier studies [2,3] zwitterionic phosphatidylcholine was
used as the lipid matrix. Yet, cellular membranes are negatively
charged and composed of hundreds of lipid species. The lipid
composition may modulate the interaction of FAwith the membranes
and thus may either potentiate or diminish the antibiotic efﬁcacy of
FA. Accordingly, the aim of this study was to characterize the
interactions of FA with complex synthetic lipid membranes and also
with natural Escherichia coli (E. coli) lipid membranes. The method we
used was electrokinetic capillary chromatography (EKC) with lipo-
somes as dispersed phase (see Ref. [4] and references therein). The
retention factors in EKC were calculated using the electrophoretic
mobilities of the pseudostationary phase determined by capillary
electrophoresis (CE: in this work CE stands for capillary zone
electrophoresis, CZE, see IUPAC recommendations [5]).
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2.1. Chemicals
Sodium dihydrogen phosphate, ammonium persulphate (APS),
acryl amide and pH calibration solutions (7 and 10) were obtained
from Merck (Darmstadt, Germany). Sodium hydroxide and hydrogen
chloride (both 1 M and 0.1 M) were from FF-Chemicals (Yli-Ii, Finland)
and androsterone, cortisone, 17-α-hydroxyprogesterone, N-(2-hydro-
xyethyl)piperazine-N′-(2-ethanesulfonic acid) HEPES, fusidic acid
(FA), and sphingomyelin (SM) were from Sigma (St. Louis, MO, USA).
Methanol was from Mallinckrodt Baker (Deventer, The Netherlands),
N,N,N′,N′-tetramehylethylenediamine TEMED was from Bio-Rad
Laboratories (Hercules, CA, USA), 3-(trimethyoxysilyl)propyl metha-
crylate (Bind-Silane) was from Polysciences (Washington, PA, USA),
testosterone was from Fluka (Buchs, Switzerland) and acetone was
from VWR International (Leuven, Belgium). DMSO and chloroform
were from Lab-Scan (Dublin, Ireland) and cholesterol, 1-palmitoyl-2-
oleyl-sn-glycero-3-phosphocholine (POPC), and 1-palmitoyl-2-oleyl-
sn-glysero-3-phospho-L-serine (POPS) were from Avanti Polar Lipids
(Alabaster, AL, USA).
2.2. Apparatus
CE separations were carried out using uncoated or coated fused-
silica capillaries from Polymicro Technologies (Phoenix, AZ, USA)
with an inner diameter of 50 μm and an outer diameter of 360 μm.
The length of the capillary to the detector was 23.5 cm when using
the HP instrument (total length 32 cm) and 30 cm when using the
Beckman instrument (total length 36.8 cm). A Beckman 2000 P/ACE
capillary electrophoresis system (Beckman Instruments, Fullerton,
CA, USA), equipped with an UV detector, was used to measure the
electrophoretic mobilities of the liposomes (detection at 200 nm). All
other analyses were made with a Hewlett Packard 3DCE system
(Agilent, Waldbronn, Germany) equipped with a diode array detector
(detection at 200 nm and 245 nm were used). The separation voltage
under capillary electrophoresis (CE) and LEKC conditions was 20 kV
and the temperature was 25 °C. Sample injection was for 2 s at
50 mbar.
2.3. Buffer and sample preparation
The ionic strength of both HEPES and phosphate buffers was
20 mM and pH values of the buffers were adjusted to 7.4 with sodium
hydroxide and then ﬁltered through 0.45 μm ﬁlters (Millipore).
Distilled water was further puriﬁed with a Millipore Milli-Q®
ultrapure water puriﬁcation system. A PHM220 Lab pH meter
(MeterLab™, Radiometer, Copenhagen, Denmark) was used to adjust
the pH of the electrolyte solutions. 5% (v/v) methanol in buffer was
used as an EOF marker in EKC. The steroid samples were prepared
from stock solutions of the steroids in methanol and diluted with
the appropriate buffer so that the concentration of each steroid was
50 μg/mL in 10% (v/v) methanol/90% (v/v) buffer. The liposome
samples consisted of 1 mM POPC/POPS/cholesterol/FA/SM at different
molar ratios in 20 mM HEPES or phosphate pH 7.4.
2.4. Preparation of E. coli lipid dispersion
E. coli cells strain XL2 Blue were allowed to grow in 50 mL Luria-
Bertani (LB) medium at 37 °C until the optical density had reached 1.2
at λ=600 nm. Cells were harvested by centrifugation at 5000 ×g for
20 min at 4 °C. The pellet was suspended in 50 ml phosphate-saline
buffer solution containing 150 mM NaCl and 10 mM sodium
phosphate, pH 7.4, and centrifuged at 5000 ×g for 20 min at 4 °C.
The resulting pellet was suspended in 1 mL water. The bacterial
suspension was mixed with 4 mL chloroform/methanol (1/2 v/v) andvortexed for 15min at room temperaturewhereupon 1mL chloroform
was added followed by mixing for 2 min. 1 mL water was added
followed by mixing for 1 min and centrifugation for 2 min at 3000 ×g.
The lower phase was collected.
2.5. Liposome preparation
Appropriate amounts of lipid stock solutions in chloroform were
mixed to obtain the desired compositions. The chloroform was then
evaporated and possible traces of the solvent were removed by
evacuating under reduced pressure for 16 h. The lipid residues were
hydrated in 1 mL of appropriate buffer at 60 °C for 1 h to obtain
multilamellar vesicles (MLVs) with a total lipid concentration of 1mM.
Large unilamellar vesicles weremanufactured fromMLVs by extrusion
through Nuclepore® 50-nm pore size polycarbonate ﬁlters using a
Liposofast low pressure homogenizer (Avestin, Ottawa, Canada). The
average yield after extrusion was around 900 μL of liposome
dispersion. The liposomes from the E. coli lipid extracts were prepared
similarly, however, the lipid solution was ﬁltered through a 0.45 μm
membrane before evaporation of chloroform.
2.6. Capillary coating
Polyacrylamide (PAA)-coated capillaries were prepared in a
similar way as in a previous work [6]. Before coating the capillaries,
new bare fused-silica capillaries were rinsed with acetone (15 min),
1 M hydrochloric acid (15 min), 1 M sodium hydroxide (15 min),
water (30 min), and with acetone (15 min) and then dried with air
(30 min). In the ﬁrst step, the capillary was ﬁlled with Bind-Silane
solution (50% v/v in acetone), capped and allowed to stand
overnight at room temperature. Small pieces were cut off from
both ends of the capillary and unbound silane was removed by
ﬂushing with acetone and the capillary was dried with air. In the
second step, the capillary was ﬁlled with monomer solution (3 μL of
5% v/v TEMED in water+3 μL of 5% w/v APS in water+150 μL of 5%
acrylamide in 20 mM phosphate pH 7.4), capped and allowed to
react over night at room temperature. Before addition of APS and
TEMED, the acrylamide solution was degassed under vacuum. The
solutions for the polymerization reaction were always freshly
prepared. Before CE runs excess polymer solution was removed
with a stream of nitrogen (8 bar) and the coated capillaries were
conditioned by ﬂushing for 20 min with water and 20 min with
running buffer. The capillaries were stored in water.
2.7. Determination of EOF and electrophoretic mobilities of liposomes in
polyacrylamide-coated capillaries
Because of very low EOF in PAA-coated capillaries, the electro-
osmotic mobility and the electrophoretic mobilities of the liposomes
were measured by the method of Williams and Vigh [7]. For
measurement of the EOF, the capillary was ﬁlled with BGE solution,
and DMSO, used as EOF marker, was injected. The sample vial was
replaced by a BGE vial, the injection pressure (35 mbar) was applied
for a given time (90 s to 120 s), and the DMSO zone was pushed into
the capillary. The same procedure was repeated for a second DMSO
zone. A voltage of −5 kV was applied for 2 min, with a BGE vial at
either end of the capillary. The third DMSO zone was then injected,
data acquisition was started, and all three DMSO zones were
mobilized past the detector at low pressure (35 mbar).
The electrophoretic mobility of the liposomes was determined in a
similar way. A sample (liposome) zone was injected into the capillary
ﬁlled with BGE solution, and immediately thereafter DMSO was
injected. Both zones were moved into the capillary by applying a
pressure of 35 mbar. A voltage of −5 to −15 kV was applied for 2–
5 min, and then a second DMSO zone was injected. All zones were
mobilized past the detector with pressure (35 mbar). The electro-
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migration times of the peaks.
3. Theory
The separation of analytes in EKC is based on electrophoretic
mobility and on the distribution of analytes between the moving
pseudostationary phase and the surrounding liquid. In this work the
retention factor (k) was calculated from the electrophoretic mobilities
of the analytes and the liposomes and the electro-osmotic ﬂow [8],
Eqs. (1–3):
μtot = μep + μeo ð1Þ
μep =
LtotLdet
ttrU
−
LtotLdet
teoU
=
1
ttr
−
1
teo
 
LtotLdet
U
ð2Þ
k =
μep−μ0
μ lip−μep
ð3Þ
In Eq. (1), μtot is the total electrophoretic mobility of the analyte, μep is
the effective electrophoretic mobility of the analyte, and μeo is theFig. 1. Structures of lipimobility of the EOF. In Eq. (2), Ltot is the total length of the capillary,
Ldet is the effective length of the capillary, ttr is the migration time of
the analyte, teo is the migration time of the EOF marker (methanol),
and U is the applied voltage. In Eq. (3), μ0 is the mobility of the solute
in the absence of liposomes (measured by CE) and μlip is the mobility
of the liposome.
The mobilities of the liposomes were determined in polyacryla-
mide-coated fused-silica capillaries with a fast and accurate mobility
determination method presented by Williams and Vigh [7]. First, the
ﬁnal pressure mobilization velocity is calculated with Eq. (4):
vm =
Ldet
tN2 +
tinj
2 −td
ð4Þ
where tN2 is the time required to push band N2 (which is the second
injection of the neutral marker) past the detector, tinj/2 corrects the
movement of the centroid of the neutral marker band N2 during its
injection to the capillary and td is delay (between the start of the
mobilization and the start of the data acquisition process). The ﬁnal
pressure mobilization velocity is the velocity, by which all the three
bands pass the detector.ds and fusidic acid.
Fig. 2. Separation of model steroids with use of POPC/POPS/chol 80/10/10 mol%
liposomes dissolved in HEPES pH 7.4. Numbering of analytes: 1) cortisone, 2)
androstenedione, 3) testosterone, and 4) 17-hydroxyprogesterone. Running conditions:
capillary 23.5/32 cm; voltage 20 kV; temperature 25 °C; injection 2 s 50 mbar; UV-
detection 245 nm.
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somes are negatively charged) separate and the distance between the
peaks, lA can be calculated with Eq. (5):
lA = tA−tN1
 
vm; ð5Þ
where tA is the migration time of the analyte and tN1 is the migration
time of the ﬁrst neutral marker. Now, the μep of the anion can be
calculated with Eq. (6):
μAep =
lALtot
U tmigr−
tramp up
2 −
tramp down
2
  ; ð6Þ
where tramp up and tramp down are the times it takes to linearly change
the applied potential between 0 and U.
When calculating the EOF, the ﬁnal pressure mobilization velocity
is again calculated with the Eq. (4), except that tN3 is used instead of
tN2. The distance travelled by neutral markers during electrophoresis,
leo, is calculated with the Eq. (7):
leo = lfinal−linit = tN3−tN2−
tinj
2
 
vm− tN2−tN1−
tinj
2
 
vm
= tN3−2tN2 + tN1
 
vm
ð7Þ
where tN1–3 are the recorded mobilization times for neutral markers
N1–N3. The EOF, μeo, can now be calculated from the Eq. (8):
μeo =
leoLtot
U tmigr−
tramp up
2 −
tramp down
2
  ð8Þ
4. Results and discussion
The aim of thework was to gain a deeper understanding of the effect
of lipid composition on the interactions between FA and lipid
membranes. We have previously investigated interactions between FA
and lipid membranes, focusing on zwitterionic membranes. However,
because most natural cell membranes have an overall negative charge,
the focus in this work was on interactions between FA and negatively
charged membranes. The interactions were studied by capillary electro-
migration techniques. The liposomes investigated comprised phospha-Table 1
Liposome compositions (in mol%) investigated
POPC POPS chol FA SM
1 70 30
2 80 20
3 90 10
4 95 5
5 80 10 10
6 80 5 15
7 80 15 5
8 80 10 5 5
9 80 5 5 10
10 80 5 10 5
11 40 10 10 40
12 40 10 10 40
13 40 10 5 5 40
14 40 5 5 10 40
15 40 5 10 5 40
16 80 20
17 90 10
18 80 10 10
19 40 10 10 40
20 40 15 5 40
21 40 5 15 40
22 40 20 40
23 70 20 10
24 70 10 20
25 100
26 50 50tidyl choline (PC), phosphatidyl serine (PS), cholesterol, and
sphingomyelin (SM) in different molar ratios and FA was added into
some liposomes (Fig. 1). All tested liposome dispersions are shown in
Table 1. The liposomeswere prepared byextrusion through50-nmﬁlters.
4.1. Liposome dispersions in HEPES buffer
Previously we have shown that in capillary electrochromatography
(CEC) fused-silica capillaries can effectively be coated with phospho-
lipid bilayers or vesicles using anionic liposomes dispersed in HEPES
buffer [9,10]. We have observed that, in general, the retention time
window is larger in EKC than in CEC with use of liposome dispersions.
Hence, in this work we used the EKC mode. Compared with CEC, the
main disadvantage of EKC is the large amount of liposome dispersion
needed. Namely, in CEC the fused-silica capillaries are coated with the
lipids or liposomes simply by rinsing the capillaries with the liposome
dispersion before the ﬁrst run, or in some cases before each run.
However, during runs there are no liposomes in the BGE solution. In
this work we could minimize the consumption of liposome dispersion
by using the sample vials of the CE device during electrophoresis
(200 μl solution in three vials — one for ﬂushing, two for electrophor-
esis; total of 600 μl).
At neutral pH values fusidic acid has a net negative charge and due
to its steroidal structure it is hydrophobic [1]. A group ofmodel neutral
steroids was studied as well to get information on the hydrophobi-
cities of the studied membranes. Among all tested steroids the best
ones, by means of selectivity and UV-response, were cortisone,
androstenedione, testosterone, and 17-hydroxyprogesterone. These
were selected for further studies. Fig. 2 shows a typical electropher-
ogram on the separation of the model steroids. The overall analysis
time was short-less than 6 min in all cases. The baselines were good
with HEPES liposome dispersions as pseudostationary phase and
HEPES did not disturb UV-detection at 245 nm.
In EKC mode the effective electrophoretic mobility of an analyte is
based on the electrophoretic mobility of the ion, on the electro-
osmotic ﬂow, and on the electrophoretic mobility of the pseudosta-
tionary phase. In this work all liposome dispersions had a net negative
charge (even zwitterionic PC liposomes are slightly negatively
charged, as demonstrated several times earlier, see e.g. Refs. [11,12]).
Hence, if information on the interactions between an analyte and the
pseudostationary phase is desired, one feasible way is to determine
the retention factor. The retention factor in EKC was discussed in the
theory section. Other groups have used typical micelle markers as
liposome markers, such as dodecanophenone, decanophenone, and
Sudan III [13–16]. Unfortunately there is no information on what type
of liposomemarker would be correct for a speciﬁc type of liposome. In
Fig. 3. Effective electrophoretic mobilities of liposomes determined by CE using a PAA-coated capillary. BGE solution: phosphate pH 7.4 (ionic strength 20 mM). See Materials and
methods for details.
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the electrophoretic mobility of the liposome itself by using PAA-
coated capillaries and the pressure method. In general, liposomes
seem to have lower interactions with PAA-coated capillaries thanwith
fused-silica ones [6]. Because of the low total liposome concentration
(1 mM) we assume here that the viscosity of the BGE solution in CE
mode (to determine the liposomemobilities) is similar to the viscosity
of the liposome dispersed phase in LEKC mode.
With use of liposome dispersions in HEPES, we were not able to
obtain reliable data on the electrophoretic mobilities of the liposomes.
The results suggest that interactions between 50-nm liposomes and
PAA-coated capillaries exist when the liposomes are dispersed in
HEPES buffer. Previously when using the same technique for
determining liposome electrophoretic mobilities we used 100-nm
vesicles and uncoated fused-silica capillaries [17]. In this work the
ionic strength of the buffer was ∼20mM and the pHwas 7.4. However,
in previous studies we used 50 mM (concentration) AMPSO at pH 8.3
and 50mM (concentration) CHES at pH 9. These buffer concentrations
correspond approximately to an ionic strength of 25 mM. In thoseFig. 4. Retention factors of steroids. Liposomes were dissolved in phosphate pH 7.4 (ioni
temperature 25 °C; injection 2 s 50 mbar; UV-detection 245 nm.studies we did not observe adsorption of liposomes onto the fused-
silica wall. Considering the rather similar ionic strengths of the buffer
solutions at pH 7.4 (this work), 8.3, and 9.0 [17], the stronger
interaction between HEPES at pH 7.4 and the fused-silica wall, than at
higher pH values using AMPSO or CHES, was most probably due to a
combination of the buffer ion itself, the chosen pH value, and the size
of the liposomes. The observed trend was not due to differences in the
ionic strength. These results clearly evidence the importance of the
selection of buffer in analyte-membrane interaction studies by
electromigration techniques. In this work further studies were
undertaken with phosphate buffers at pH 7.4.
4.2. Liposome dispersions in phosphate buffers
4.2.1. Determination of electrophoretic mobilities of liposomes
When the liposome solvent and background electrolyte solution
was changed from HEPES to phosphate, the electrophoretic mobilities
of the liposomes could be determined with use of PAA-coated
capillaries. All determined effective electrophoretic mobilities arec strength 20 mM) buffer. Running conditions: capillary 23.5/32 cm; voltage 20 kV;
Fig. 5. Electropherogramofmodel steroids separatedwith a) 80/15/5/0/0mol%, b) 80/5/5/
10/0 mol%, and c) 40/10/10/0/40 mol% POPC/POPS/chol/FA/SM liposomes dissolved in
phosphate pH 7.4. Numbering of analytes: 1) cortisone, 2) androstenedione, 3)
testosterone, and 4) 17-hydroxyprogesterone. Running conditions: capillary 23.5/
32 cm; voltage 20 kV; temperature 25 °C; injection 2 s 50 mbar; UV-detection 245 nm.
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effective electrophoretic mobilities. The lowest, but still negative
effective electrophoretic mobility was expectedly seen for pure PC
liposomes. Despite the zwitterionic properties of PC, it is slightly
negatively charged at pH 7.4 when dissolved in a buffer solution.
Increasing the amount of negatively charged PS in the liposomes
increased the effective electrophoretic mobility of the liposome.
Without POPS in the system, the addition of FA to the liposomes
resulted in more negatively charged aggregates than those of pure
POPC. FA interacts and resides in the PC lipid membranes, as
previously shown [2,3]. However, increasing the FA concentration
from 5 to 20 mol% did not have a big impact on the effective
electrophoretic mobility of the liposome. The saturation level of FA in
50-nm PC vesicle seems to be around 5 mol%. This result partly
contradicts our previous ﬁndings using multilamellar vesicles [2]. In
that study differential scanning calorimetry, ﬂuorescence spectro-
scopy, and molecular modeling were used to study in detail the
molecular level interactions of FAwith phosphatidylcholine and it was
found that signiﬁcantly more FA was incorporated into these vesicles.
The likely cause for this discrepancy is the use of larger and
multilamellar vesicles in our previous study.
4.2.2. Retention factors of steroids
The hydrophobicities of the different liposomes were studied by
determining the retention factors of four model steroids (Fig. 4). The
highest retention factor was seen for 17-hydroxyprogesterone. The
retention factors of the other compounds were decreasing in the order
testosterone, androstenedione, and cortisone. The logP values at 25 °C,
calculated using Advanced Chemistry Development (ACD/Labs) Software
V8.14 for Solaris (1994–2008 ACD/Labs), are 2.891±0.362, 3.475±0.277,
2.897±0.340, and 1.438±0.586 for 17-hydroxyprogesterone, testoste-
rone, androstenedione, and cortisone, respectively. Surprisingly, the
program did not predict 17-hydroxyprogesterone to be the most
hydrophobic compound despite its highest retention factor.
The most hydrophobic membrane was the 40/20/40 mol% POPC/
FA/SM liposome and least hydrophobic one was the 70/10/20 mol%
POPC/POPS/FA liposome. In general, increasing cholesterol concentra-
tion decreased the hydrophobicity. This is in accordance with our
previous data obtained by CEC [3], where we noticed that testosterone
had much weaker retention on the PC lipid membrane stationary
phase when 20 mol% of cholesterol was included in the PC
membranes. Clearly, the hydrophobicity of the membrane was
decreased by adding low amounts (b20 mol%) of cholesterol into the
PC membrane. It seems that incorporation of cholesterol increases the
rigidness and alters the packing of the PC membrane. The optimal
carbon chain length for cholesterol to hydrophobically match the PC
acyl chains in the bilayer is believed to be 17 or 18 [18]. For mixtures of
cholesterol and phospholipids the liquid-ordered-like domain
emerges at cholesterol concentrations above 25% [19].
Increasing POPS concentration generally increased the membrane
hydrophobicity. The retention factors of the neutral model steroids
were higher in POPS-rich membranes than in membranes with lower
amounts of POPS and this observation can be taken as a proof for
higher hydrophobicity of POPS-rich membranes. One possible
explanation to this is increased steric repulsion between the polar
head groups of the negatively charged lipids, resulting in a slightly
looser packing of the membrane, and in easier incorporation of
steroids into the membrane.
It is known that cholesterol preferentially interacts and forms a
liquid-ordered phase upon mixing with certain PCs and structurally
similar compounds like SM. It is believed that cholesterol might
interact speciﬁcally with SM in a natural membrane, because SMs in a
natural membrane have a lower degree of unsaturation than PCs. In
our previous study on cholesterol-rich membranes [20] we did not
observe any clear indication of SM–cholesterol interactions. In this
work, however, we noted that the hydrophobicity of the membrane(as determined by the retention factor of the steroids) was much
higher when half of POPC was substituted with SM. Namely,
substituting half of the POPC amount with SM, when 10 mol% of
cholesterol was included in the membranes, resulted in much higher
retention factors for the steroids (compare 40/10/10/0/40 mol% and
80/10/10/0/0 of POPC/POPS/chol/FA/SM, 40/0/10/10/40 mol% and 80/
0/10/10/0 of POPC/POPS/chol/FA/SM, and 40/5/10/5/40 mol% and 80/
5/10/5/0 of POPC/POPS/chol/FA/SM). Typical electropherograms of the
steroid separations are shown in Fig. 5.
4.2.3. Retention factor of fusidic acid
The effective electrophoretic mobility of FA as a function of
liposome effective electrophoretic mobility was calculated (Fig. 6).
Fig. 6. Normalized mobility of fusidic acid (effective electrophoretic mobility of fusidic acid divided by the effective electrophoretic mobility of the liposome).
2646 A. Helle et al. / Biochimica et Biophysica Acta 1778 (2008) 2640–2647Liposomes lacking POPS had a lower mobility than FA, giving values
higher than 1. The retention factor using Eq. (3) will be negative if the
effective electrophoretic mobility of FA is higher than that of the
liposome. Since the focus of this work was on negatively charged
membranes, the liposomes without POPS were left out of this part of
the study.
The retention factors of FA are shown in Fig. 7. The results are in the
order of decreasing retention factor. In general, FA had the highest
retention factors in capillaries ﬁlled with POPC/POPS vesicles, and
including FA in the lipid membranes decreased the interactions
between FA and the liposomes. Substituting half of the POPC amount
with SM,when 10mol% of cholesterol was included in themembranes,
resulted in much higher retention factors for FA (compare 40/10/10/0/
40 mol% and 80/10/10/0/0 of POPC/POPS/chol/FA/SM, and 40/5/10/5/
40 mol% and 80/5/10/5/0 of POPC/POPS/chol/FA/SM). Considering the
composition and the spherical structure of the liposomes investigated,
we hypothesize that vesicles that contain a high molar concentration
of negatively charged lipids are slightly more loosely packed than
liposomes of similar size lacking POPS. The negatively charged
phospholipids are dispersed as far as possible from each other due
to electrostatic repulsion and this will have an impact on the
accessibility of analytes for the lipid membrane. Since the structure
of FA is rigid and rather planar its incorporation into lipid membranesFig. 7. Retention factors of fusidic acid. Liposomes were dissolved in phosphate pH 7.4
(ionic strength 20 mM) buffer. Running conditions: capillary 23.5/32 cm; voltage 20 kV;
temperature 25 °C; injection 2 s 50 mbar; UV-detection 245 nm.is governed by the charge and hydrophobicity of the membrane, and
on the sterical position of the polar lipid head groups. Since FA is
negatively charged it prefers interacting with lipid regions that are
locally less negatively charged. When it comes to FA–lipid interactions
we have already earlier noticed that FA interacts strongly with PC
membranes. Hence, it looks like adding low amounts of POPS to the
lipid vesicles increases the steric binding of FA to the membranes,
because of formation of PC-rich and/or POPS-deﬁcient local regions.
4.3. E. coli lipid vesicles
To further demonstrate that FA prefers negatively charged lipid
membranes and to show that this interaction is biologically relevant,
lipids were extracted from Escherichia coli (E. coli) bacteria. Thesewere
processed in to unilamellar vesicles and used as dispersed phase in
EKC for FA–lipid interaction studies. E. coli is recognized as one of the
foremost prokaryotic model organisms and the bacterium has only
three main membrane phospholipids which occur frequently in
prokaryotic as well as eukaryotic organisms [21]. The main membrane
lipids in wild-type cells of E. coli are phosphatidylethanolamine
(∼75%), negatively charged phosphatidyl glycerol (∼20%), and
cardiolipin (∼5%) [22,23]. In general, E. coli and most related gram-Fig. 8. Electropherogram of model steroids using liposomes prepared from E. coli
extracted lipids. The liposomes were dissolved in phosphate pH 7.4. Numbering of
analytes: 1) cortisone, 2) androstenedione, 3) testosterone, and 4) 17-hydroxyproges-
terone. Running conditions: capillary 23.5/32 cm; voltage 20 kV; temperature 25 °C;
injection 2 s 50 mbar; UV-detection 245 nm.
2647A. Helle et al. / Biochimica et Biophysica Acta 1778 (2008) 2640–2647negative bacteria do not contain typical lipids that are characteristic of
eukaryotic systems. In this work lipids from natural E. coli bacteria
were extracted and extruded to 50 nm vesicles. The effective
electrophoretic mobility of the liposomes was determined by the
electrophoretic pressure technique (see section Theory). The effective
electrophoretic mobility, −4.903 ∙10−08 m2 V−1 s−1 (RSD 0.025%, n=8),
was higher than for any of the other tested liposomes (cf. Fig. 3). The
high mobility value is understandable considering the high amount of
negatively charged lipids in the bacterium (∼25%). The separation of
the steroids is shown in Fig. 8. The retention factors (average of six
runs) of the steroids were 0.09, 0.31, 0,58, and 0.65 for cortisone,
androstenedione, testosterone, and 17-hydroxyprogesterone, respec-
tively. FA had a retention factor of 0.10 which was very close to the
values obtained with 40/10/0/10/40 mol% and 70/10/0/20/0 mol%
POPC/POPS/chol/FA/SM liposomes. The high retention of FA into the
negatively charged E. coli bacteria lipid vesicles is in accordance with
ﬁnding that FA, despite its negative surface charge, prefers negatively
charged lipid membranes. Biologically these ﬁndings imply that FA is
embedded within true bacterial membranes and this interaction of FA
with E. coli lipids may modulate its antibiotic activity.
5. Conclusions
We have investigated interactions between the antibiotic com-
pound, FA, and liposomes by electrokinetic capillary chromatography.
The lipid vesicles comprised synthetic lipid mixtures or lipids
extracted from E. coli bacterium. The hydrophobicities of the lipid
membranes were studied bymeasuring the retention factors of model
neutral steroids. To achieve information on the interaction between FA
and the lipid membranes the retention factors of FA were calculated.
The retention factors were determined using data on the EOF, effective
electrophoretic mobilities of the analytes, and liposomes. The effective
electrophoretic mobilities of the liposomes were determined by CE
using PAA-coated capillaries. The obtained results are in accordance
with our earlier studies demonstrating that FA is hydrophobic and
prefers to interact with hydrophobic lipid membranes. In addition we
show in this work that despite its negative surface charge, FA strongly
prefers to interact with negatively charged lipid membranes. Interac-
tion studies between FA and lipids extracted from E. coli bacterium
conﬁrmed this observation.
Acknowledgments
SKW acknowledges Academy of Finland for ﬁnancial support (SA
114292, 216315). JMH thanks The Finnish Eye Foundation, Evald and
Hilda Nissi Foundation, and Finnish Cultural Foundation for ﬁnancial
support. Dr Ove Eriksson (Biomedicum, University of Helsinki) is
gratefully acknowledged for preparation of the E. coli bacterium lipid
samples.References
[1] J. Turnridge, Fusidic acid pharmacology, pharmacokinetics and pharmacody-
namics, Intl. J. Antimicrob. Agents 12 (1999) S23–S34.
[2] E. Falck, J.T. Hautala, M. Karttunen, P.K.J. Kinnunen, M. Patra, H. Saaren-Seppälä, I.
Vattulainen, S.K. Wiedmer, J.M. Holopainen, Interaction of fusidic acid with lipid
membranes: Implications to the mechanism of antibiotic activity, Biophys. J. 91
(2006) 1787–1799.
[3] J. Muhonen, J. Vidgren, A. Helle, G. Yohannes, T. Viitala, J.M. Holopainen, S.K.
Wiedmer, Interaction of lipid membranes with fusidic acid and elongation factor-
G. Implications to the antibiotic activity of fusidic acid, Anal. Biochem. 374 (2008)
133–142.
[4] G. Bilek, L. Kremser, D. Blaas, E. Kenndler, Analysis of liposomes by capillary
electrophoresis and their use as carrier in electrokinetic chromatography, J.
Chromatogr. B 841 (2006) 38–51.
[5] M.-L. Riekkola, J.Å. Jönsson, R.M. Smith, Terminology for analytical capillary
electromigration techniques (IUPAC Recommendations 2003), Pure Appl. Chem.
76 (2004) 443–451.
[6] S.K. Wiedmer, M.S. Jussila, J.M. Holopainen, J.-M. Alakoskela, P.K.J. Kinnunen, M.-L.
Riekkola, Cholesterol-containing phosphatidylcholine liposomes: characteriza-
tion and use as dispersed phase in electrokinetic capillary chromatography, J. Sep.
Sci. 25 (2002) 427–437.
[7] B.A. Williams, G. Vigh, Fast, accurate mobility determination method for capillary
electrophoresis, Anal. Chem. 68 (1996) 1174–1180.
[8] A. Téllez, E. Fuguet, M. Rosés, Comparison of migration models for acidic solutes in
micellar electrokinetic chromatography, J. Chromatogr. A 1139 (2007) 143–151.
[9] S.K. Wiedmer, M.S. Jussila, M.-L. Riekkola, Phospholipids and liposomes in liquid
chromatographic and capillary electromigration techniques, TrAC 23 (2004)
562–582.
[10] S.K. Wiedmer, M. Jussila, R.M.S. Hakala, K.-H. Pystynen, M.-L. Riekkola, Piperazine-
based buffers for liposome coating of capillaries for electrophoresis, Electrophor-
esis 26 (2005) 1920–1927.
[11] M. Silvander, P. Hansson, K. Edwards, Liposomal surface potential and bilayer
packing as affected by PEG-lipid inclusion, Langmuir 16 (2000) 3696–3702.
[12] O. Garbuzenko, S. Zalipsky, M. Qazen, Y. Barenholz, Electrostatics of PEGylated
micelles and liposomes containing charged and neutral lipopolymers, Langmuir
21 (2005) 2560–2568.
[13] S.T. Burns, M.G. Khaledi, Rapid determination of liposome-water partition
coefﬁcients (Klw) using liposome electrokinetic chromatography (LEKC), J.
Pharm. Sci. 91 (2002) 1601–1612.
[14] J.M. Carrozzino, M.G. Khaledi, pH effects on drug interactions with lipid bilayers by
liposome electrokinetic chromatography, J. Chromatogr. A 1079 (2005) 307–316.
[15] J.M. Carrozzino, M.G. Khaledi, Interaction of basic drugs with lipid bilayers using
liposome electrokinetic chromatography, Pharm. Res. 21 (2004) 2327–2335.
[16] Y. Wang, J. Sun, H. Liu, Y. Wang, Z. He, Prediction of human drug absorption using
liposome electrokinetic chromatography, Chromatographia 65 (2007) 173–177.
[17] S.K. Wiedmer, J. Hautala, J.M. Holopainen, P.K.J. Kinnunen, M.-L. Riekkola, Study on
liposomes by capillary electrophoresis and dynamic light scattering, Electrophor-
esis 22 (2001) 1305–1313.
[18] T.P.W. McMullen, R.N.A.H. Lewis, R.N. McElhaney, Differential scanning calori-
metric study of the effect of cholesterol on the thermotropic phase behavior of a
homologous series of linear saturated phosphatidylcholines, Biochemistry 32
(1993) 516–522.
[19] T.G. Anderson, H.M. McConnell, Condensed complexes and the calorimetry of
cholesterol-phospholipid bilayers, Biophys. J. 81 (2001) 2774–2785.
[20] M.V. Lindén, J.M. Holopainen, A. Laukkanen, M.-L. Riekkola, S.K. Wiedmer,
Cholesterol-rich membrane coatings for interaction studies in capillary electro-
phoresis: application to red blood cell lipid extracts, Electrophoresis 27 (2006)
3988–3998.
[21] C.R.H. Raetz, Enzymology, genetics, and regulation of membrane phospholipid
synthesis in Escherichia coli, Microbiol. Rev. 42 (1978) 614–659.
[22] W.-C. Hung, M.-T. Lee, The interaction of melittin with E. coli membrane: the role
of cardiolipin, Chin. J. Phys. 44 (2006) 137–149.
[23] www.avantilipids.com.
